INTRODUCTION
Two decades have elapsed since this author wrote a review on cytoplasmic streaming for Volume I 1 of this series (72) . As is the case with other types of cell motility, research on cytoplasmic streaming has made great strides during this period--including isolating proteins related to streaming, elucidating its ultrastructural background, and developing new effective methods for studying functional aspects of cytoplasmic streaming.
There are a number of reviews and symposia reports dealing with various aspects ofnonmuscular cell motility including cytoplasmic streaming (8, 10, 11, 23, 28, 31, 36, 48, 53, 59, 60, 62, 99, 100, 134, 136, 139, 15o, 151, 159 ). They will provide readers with more comprehensive information on the subject. In this report, I shall limit my consideration to some selected topics in cytoplasmic streaming, focusing on its mechanism at the cellular and molecular levels.
Generally speaking, minute structural shifts in the cytoplasm may be a wide oecurrance in living cells, but they will not necessarily develop into significant movement unless they are coordinated. In a variety of cells, cytoplasmic particles are known to make sudden excursions over distances too extensive to be accounted for as Brownian motion (136) . Such motions, called "saltatory movements," were described long ago in plant literature as "Glitchbewegung" or "Digressionsbewegung" (of 71, 73) . The movement of the particles is erratic and haphazard, yet it is not totally devoid of directional control as it would be in Brownian motion. According to the degree of orderliness, intraeellular streaming manifests various patterns (71, 73) .
Cytoplasmic movements exhibited by eukaryotic cells may be classified into two major groups with respect to the proteins involved, i.e. the actinmyosin system and the tubulin-dynein system. Cytoplasmic streaming belongs mostly to the first group. Possible roles for the tubulin-dynein system in cytoplasmic streaming have yet to be investigated. From the phenomenological point of view, it is customary to classify the streaming of cytoplasm at the visual level into two major categories. One is the streaming closely associated with changes in cell form. This type of movement is usually www.annualreviews.org/aronline Annual Reviews referred to as amoeboid movement and is represented by the amoeba, acellnlar slime molds, and many other systems. The other is the streaming not dependent upon changes in the external cell shape, as in most plant cells or dermatoplasts.
In the following sections, I shall discuss the two best studied cases as representative models of cytoplasmic streaming. One is shuttle streaming in myxomycete plasmodia of the amoeboid type, and the other is rotational streaming in eharacean cells of the other type. It is necessary to describe them separately because we still do not know at what organizational level these two major categories of streaming share a common mechanism.
SHUTTLE STREAMING IN THE MYXOMYCETE PLASMODIUM

General
The plasmodium of myxomycetes, especially that of Physarum polycephalum, is classic material in which the physiology, biochemistry, biophysics, and ultrastructure of cytoplasmic streaming have been investigated most extensively (20, 35, 36, 71, 99, 133) .
The myxomycete plasmodium shows various characteristic features in its cytoplasmic streaming. The rate of flow, as well as the amount of cytoplasm carded along with the streaming, is exceedingly great compared with ordinary cytoplasmic streaming in plant calls (71) . Moreover, the direction streaming alternates according to a rhythmic pattern. There is good evidence to show that the flow of endoplasm is caused passively by a local difference in the intraplasmodial pressure (83) . This differential pressure the motive force responsible for the streaming. It can be measured by the so-called double-chamber method, in which counterpressure just sutfieient to keep the endoplasm immobile is applied (70, 71) .
The waves representing spontaneous changes in the motive force are sometimes very regular, but the amplitude of the waves often increases and decreases like beat waves. In some other cases, a peculiar wave pattern is repeated over several waves. These waves can be reeonstrneted closely enough with only a few overlapping sine waves of appropriate periods, amplitudes and phases. This fact is interpreted as showing that physiological rhythms with different periods and amplitudes can simultaneously coexist in a single plasmodium (70, 71) .
A variety of physical or chemical agents in the production of the motive force have been investigated (71) . Recently, extensive analysis of tactic movements of the slime mold was made by Kobatake and his associates (47, (153) (154) (155) . Threshold concentrations for the recognition of attractants (glucose, galactose, phosphates, pyrophosphates, ATP, cAMP) and of repelwww.annualreviews.org/aronline Annual Reviews lents (such as various inorganic salts, sucrose, fructose) were thus determined (155) . It has been suggested that recognition of chemical substances is.caused by a change in membrane structure which is transmitted to the motile systems of the plasmodium. Motive force production is closely related to bioelectric potential change (79) as well as anaerobic metabolism (71, 138) .
Contractile
Properties of the Plasmodial Strand Since the streaming of the endoplasm is a pressure flow, and the internal hydrostatic pressure of the plasmodium is thought to be produced by contraction of the ectoplasm, the contractile force of the ectoplasm per se should serve as a basis for analyzing cytoplasmic streaming in this organism. Contractility was often assumed to be involved in a variety of movements of nonmuscular cells. Nevertheless, contractile force was not measured directly and precisely in motile systems other than muscles until it was measured in an excised segment of a plasmodial strand (75, 76, 78, 80, 88, 89, 148, 170, 171) .
The strand forming the network of the plasmodium is actually a tube or vein with a wall of ectoplasmic gel. The endoplasm flows inside the ectoplasmic gel wall. Though endoplasm and ectoplasm are mutually interconvertible, it is the ectoplasmic gel structure that is mainly responsible for the dynamic activities of the strand (152) . The absolute contractile force of the ectoplasm can be measured in this case as a unidirectional force. The maximal contractile force so far measured is 180 gcm -2 (78). Dynamic activities of the plasmodial strand can be expressed in terms of spontaneous changes in tension while the length of the strand is kept constant (isometric contraction), or in terms of spontaneous changes in length keeping constant the tension applied to the strand (isotonic contraction).
ACTIVATION CAUSED BY STRETCHING One of the outstanding characteristics of the plasmodial strand is its response to stretching. When a strand segment is stretched, say by 10-20%, the tension and amplitude of the wave increase immediately while the wave period remains constant (76, 80, 176) . There is no shift in phase (78, 148, 176) . Wohlfarth-Bottermarm and his co-workers (2, 101), however, report a phase shift when the strand is stretched as much as 50%. After stretching, the wave train moves downward rather rapidly at first and less rapidly afterwards, showing tension relaxation under isometric conditions. The increase in amplitude of the tension waves of the plasmodial strand by stretching, and its subsequent decrease, are comparable to those shown by the motive force waves of the surface plasmodium inflated with endoplasm by external pressure (74) .
www.annualreviews.org/aronline Annual Reviews ACTIVATION CAUSED BY LOADING Under isotonic conditions, the situation is somewhat different from the above. If the load is increased, the amplitude of the waves increases also. When the load is decreased, the amplitude decreases correspondingly. With constant tension levels, the cyclic contraction waves do not tend to decrease their amplitude. This result is in contrast to isometric contraction waves after stretching. The increase of the amplitude of the isotonic contraction waves under greater tension is not accompanied by an increase in period length. This result indicates that the speed of both contraction and relaxation increases rather than decreases under higher tension (76, 80) . In other words, the contracilc capacity of plasmodial strand segment is activated by the tension applied externally. In order to understand this remarkable phenomenon, we have to postulate the presence of some regulatory mechanism by which the plasmodium can "sense" the tension change first, and then control the force output to correspond with the amount of load.
SYNCHRONIZATION OF LOCAL RHYTHMS A strand segment shows no significant rhythmic activities soon after it is excised from the mother plasmodium. It starts rhythmic contraction locally after 10-20 min. Thirty minutes later, small local rhythms become gradually synchronized to form a unified larger rhythm (175) .
Takeuchi & Yoneda (141) reported that when individual strand segments of P/~ysarum plasmodium having different contraction-relaxation periods were connected by way of a plasmodial mass, the cycles of the two segments became synchronized. To clarify the possible role of the streaming endoplasm as the information carder for synchronization, Yoshimoto & Kamiya (175) set a single segment ofplasmodial strand in a double chamber in such a way that the two halves of the segment were suspended in different compartments of the chamber. The strand penetrating the central septum of the double chamber thus took an inverted U-shape. When the shuttle streaming of the endoplasm occurred freely between the two halves of the strand, they contracted and relaxed in synchrony. But if balancing counterpressure was applied to one of the two compartments to keep the endoplasmic flow in the strand near the septum of the chamber at a standstill, then the contraction-relaxation rhythms of the two halves moved out of phase with each other. When the endoplasm was allowed to stream freely again, the synchrony of their cyclic contractions was reestablished. Thus Yoshimoto & Kamiya (177) concluded that endoplasm must carry some factor(s) which coordinates the period and phase of the contraction-relaxation cycle. It did not control the amplitude of the oscillation. In other words, information necessary for unifying the phases of the local contractionwww.annualreviews.org/aronline Annual Reviews relaxation cycle is transmitted neither by electric signal nor by direct mechanical tension of the endoplasm. The nature of the factor(s) carried the endoplasm is still unknown.
Contractile Proteins
PLASMODIUM ACTOMYOSIN Cytoplasmic actomyosin is now known to bc present throughout cukaryotic cells (I 34, 160-162) . It is responsible for a variety of cell movements. The presence of an actomyosin (myosin B)-likc protein complex in the myxomycete plasmodium was shown by A_dad Locwy (108) as early as 1952. This study is a pioneering work on contractile proteins in nonmusclc systems. Since then, the biochemical properties of contractilc proteins in these organisms have bccn studied extensively. Proteins similar to muscle myosin and actin wcrc subscqucntly extracted from the plasmodium and purified separately. Fortunately, there arc comprehensive articles and symposia reports in this area (3, 35, 37, 42, 116) ; hence shall describe the matter only briefly here.
Like muscle actomyosin, plasmodium actomyosin shows supcrprccipitation at low salt concentrations and viscosity drop at high concentrations on addition of Mg2+-ATP (35, 116, 126) . ATPasc activities of plasmodium actomyosin arc basically similar to those of muscle actomyosin. Plasmodium actomyosin having Ca2+-sensitivity has also been isolated (92, 93, 117) . Superprecipitation of the protein is observed only in the presence of a mieromolar order of free Ca2+; the Mg2+-ATPase is activated two-to sixfold by 1 btM free Ca 2+. This Ca 2+ sensitivity is thought to be caused by the presence of regulatory proteins as in skeletal muscle. A noteworthy characteristic of Physarum actomyosin, which is not shared with muscle actomyosin, is that superprecipitation is reversible, i.e. it can be repeated several times on addition of ATP (111) .
PLASMODIUM MYOSIN The molecule of plasmodium myosin has a rodlike structure with a globular head on one end just like that of striated myosin (43) . PIasmodium myosin can combine with plasmodium F-actin, and musclc F-actin as well, to form actomyosin-likc complcxcs (35, 45) . Thc molecular weight of the heavy chain is 225,000 daltons as determined by SDS gel electrophoresis. Plasmodinm myosin has ATPase activity similar to that of myosin from muscle, but in contrast to muscle myosin, plasmodium myosin is soluble at neutral pH and low salt concentrations, including physiological concentration (0.03 M KCI). Hinssen (56), Hinssen & D'Haese (57), Nachmias (114, 115) , and D'Haese & Hinssen (26) strated the capacity of Physarum myosin to self-assemble into thick, bipolar aggregates or long filaments. In comparison with muscle myosin, plaswww.annualreviews.org/aronline Annual Reviews modium myosin can form stable thick filaments only under a strictly defined range of conditions with respect to ionic strength, ATP concentration, and pH. Though divalent cations arc not absolutely necessary, filament formation is improved by Mg 2+ concentrations up to 2 mM and by Ca 2+ up to 0.5 raM. Propcrti~ so far known for P/~ysarum myosin arc listed in a table with the references by Nachmias (I 16).
PLASMODIUM ACTIN Plasmodium actin was isolated
by Hatano & Oosawa (39, 40) from Physarum by using its specific binding to muscle myosin; it was purified by salting out with ammonium sulfate. This was the first time actin was isolated from nonmuscle cells. Since then actin has been isolated from many nonmuscle cells. Actin is now known to be a ubiquitous and common protein in eukaryotic cells. The physical and chemical properties of actins from various nonmusclc sources including Physarum are all similar to those of muscle actin. The protein is in a monomeric state in a salt-free solution, giving a single sedimentation coefficient of about 3.5 S (4, 40) . The molecular weights of actins from muscle and plasmodium are both about 42,000 in the SDS gel electrophoresis system. Analysis of amino acid composition of these two types of actins has indicated some minor disparities (42) . The amino acid sequence of Pl~ysarum actin has recently been determined and shows a difference from mammalian T-cytoplasmic actin in only 4% of its primary structure (157) . The difference in amino acid sequence between Physarum actin and rabbit skeletal muscle actin was determined to be 8%. On addition of salts such as KC1, actin monomers polymerizc into F-actin with concomitant hydrolysis of ATP. Electron micrographs showed that this polymer takes a form of helical filament identical to those of F-actin from muscle. Plasmodium F-actin also forms a complex with heavy mcromyosin (HMM) from muscle to make an arrowhead structure (13, 118, 122) .
The actin preparation obtained by Hatano and his collaborators (35, 46) formed an unusual polymer termed "Mg-polymcr" with 0.1 to 2.0 mM MgCl2. Although the sedimentation coefficient of this polymer is about the same as that of F-actin, Mg-polymer has a much lower viscosity, less flow birefringcnce, and appears as a flexible aggregate with an electron microscope. Formation of an Mg-polymcr was once believed to be specific for plasmodium actin, but it was shown subsequently that this type of polymer was formed only when the actin preparation contained a cofactor similar to the muscle fl-actinin (90) . This protein factor was isolated from plasmodium and called "fl-actinin-like protein" (110) or plasmodium actinin (41) . Recently, Hasegawa et al (33) have further purified this protein factor and found that it is a 1 : 1 complex of actin and a new protein termed "fragmin" (scc later). This protein is shown to have a regulatory function www.annualreviews.org/aronline Annual Reviews in the formation of F-actin filaments in a Ca2+-sensitive manner. Hence, there is the possibility that the so-called "Mg-polymer" of actin was formed by a trace amount of Ca 2+. Detailed properties and polymerizability of plasmodium actin are discussed by Nachmias (116), Hatano et al (37) Hinssen (55) in a recent book edited by Hatano et al (36) .
Tension Production of Reconstitute d Actomyosin Threads from Physarum
Physarum actomyosin dissolved in a solution of high ionic strength precipitates in the form of thread if spurted from an injection needle into a solution of low ionic strength. Beck et al (15) showed that the thread consists of three-dimensional network of filaments, has ATPase activity, and contracts conspicuously on addition of ATP just like muscle actomyosin thread. D'Haese & Hinssen (25) compared thread models made of natural, recombined, and hybridized actomyosin from Physarum and rabbit skeletal muscle. Recently, Matsumura et al (112) were able to reconstitute actomyosin thread from Physarum with an orderly longitudinal orientation, and to measure the tension it developed under controlled experimental conditions. To insure orderly longtudinal orientation of actomyosin, which is essential for the thread to generate tension effectively, they developed a special spinning technique applicable to aetomyosin.
Thread segments of actomyosin (molar ratio 1:1) thus obtained produced little tension below 1 #M ATP, whereas maximum tension (10 em -2) was reached at 10 /.tM ATP. The half-maximum tension was observed at 2-3 #M ATP. Above 20 #M ATP, the thread segment tended to break. Without an ATP-regenerating system, the sensitivity of tension development to ATP concentration was lower by one order.
Full tension at 20 /zM ATP decreases as the ATP concentration is decreased stepwise to 1 /.tM. When the ATP concentration was increased from 1 to 10 btM, the decreased tension rose again to almost the same level as that originally developed. In short, isometric tension generation can be regulated by the mieromolar concentration of ATP.
The aetomyosin thread from Physarum differs from that of skeletal muscle in several ways (24, 112) . 1. The Physarurn actomyosin thread is much more flexible; 2. the concentrations sufficient to produce maximum and half-maximum tension are lower than those reported for muscle actomyosin threads, for which these values are 50 and 8 raM, respectively; 3. tension increase in Physarum actomyosin thread is slower than that in muscle aetomyosin thread, where the final level of tension is reached within 2 rain. These functional differences can probably be ascribed to the differenee in properties between Physarum and muscle myosin, such as the high solubility of ~Physarurn myosin at low ionic strength, a property not found in muscle myosin.
Since their preparation of synthetic actomyosin was highly purified, the thread used by Matsumura et al (I 12) showed no 2+ sensitivity in tension generation at micromolar levels. Under their experimental conditions, in which no regulatory proteins were present, there was no sign of oscillation in tension production at constant ATP levels. Whether oscillation in tension production is possible in a reconstituted Physarum actomyosin thread in the presence of appropriate regulatory proteins, but without a membrane system, is still an open question. It should be noted that in the demembranated system of Physarum plasmodium studied by Kuroda (103, 104) , cytoplasmic movement occurred actively, but there was no longer any back and forth movement as is observable in the normal plasmodium having the plasma membrane.
Regulation of Movement
Various regulatory functions can be seen in the force output of the slime mold, as stated in the foregoing pages, such as activation through stretching or loading or phase coordination of tension force production. The cause of rhythmic tension force production may in itself be inseparable from the mechanism regulating interaction between actin and myosin. Though nothing definite is known at present about the regulation mechanism of movemcnt in the slime mold, we should like to consider in the following sections some possible roles of Ca 2+ and ATP.
THE ROLE OF Ca z+ Isolation of Ca2+-sensitive actomyosin complexes . from Physarum (92, 117) suggests that the actin-myosin interaction is controlled by fluctuation in the concentration of intraceLlular free Ca 2+ (174) . The control of motility in Physarum by calcium can be demonstrated in various ways. It was shown that in the myxomycete plasmodium there is a calcium storage system analogous to the sarcoplasmic reticulum (91, 94) . Calcium-sequestering vacuoles were identified both by histochemical methods and by energy-dispersive X-ray analysis (17, 18, 29, 106, 107) . 2+ is taken up by the vesicles only in the presence of Mg2+-ATP (91, 94) . It possible that there is a shift of calcium between the cytoplasmic and vacuolar compartments during the contraction-relaxation cycle. Teplov et al (149) were successful in detecting oscillations of the free calcium level the myxomycete plasmodium by injecting murexide in it. Oscillations in the Ca z+ level within the period of 1.5-2.0 rain were demonstrated by microspectro-fluorometry of injected murexide, although the phase relation between the Ca 2+ level and motility was unknown. Ridgway & Durham (137) microinjected the calcium-specific photoprotein aequorin and found an oscillation in luminescence related to that in electric potential change. Cã + regulation is shown also in catfein-derived microplasmodial drops (34, 113) , in microinjected strands (152) , and in a demembranated system (103).
www.annualreviews.org/aronline Annual Reviews KAMIYA In a recent attempt to monitor the calcium osdllation in the slime mold and to relate it directly to tension production, Kamiya et al (89) and Yoshimoto et al (178) treated a segment of plasmodial strand with calcium ionophore A 23178. They simultaneously measured tension development and, by means of aequorin luminescence, the calcium eiflux into the ambient solution. It was revealed that the amount of calcium coming out of the plasmodial strand pulsates with exactly the same period as that of the tension production, and that the phase of maximal tension production corresponds to the phase of minimal luminescence. With amphoteriein B, a channel-forming quasi-ionophore (135), the result was essentially the same. Regular rhythmic changes in both tension and luminescence persisted for hours. In the absence ofionophore, no periodic Ca 2+ efltux was detected from the strand developing tension rhythmically (79, 109) : As is generally the case with the plasma membrane, the surface membrane of the plasmodinm also depolarizes when it is stretched. On stretching the strand by 10% or so, the tension levd of the strand and amplitude of tension oscillation were immediately increased. But Ca 2+ efl]ux was not affected. This result may mean that electric potential difference plays little part, if any, in controlling the etttux of Ca 2+. Probably the membrane already has depolarized in the above conditions. If we interpret the rhythmical etitux of Ca z+ in the presence of the ionophores as reflecting corresponding fluctuations of free Ca 2+ level within the plasmodium, this phase relation is just the opposite of what is expected from the data so far presented. In this connection, it is interesting to note that "fragrnin," a new Ca2+-sensitive regulatory factor in the formation of actin filaments, was recently discovered by Hasegawa et al (33) . The main function of this protein is to fragment aetin polymers into short pieces in the presence of a concentration of free Ca :+ higher than 10-6M. Whether or not fragmin plays a part in the regulation by Ca 2+ of cyclic tension output is unknown.
THE ROLE OF ATP The ATP concentration of plasmodia as a total mass was ~stimated to be 0.4 X 10~ M (44) . According to the injection experiments in the plasmodial strand performed by Ueda & G6tz yon Olenhusen (152), the optimal concentration for tension development was found to around 0.2 X 10 -4 M. According to the recent ATP assay by Yoshimoto et al (unpublished), using luminescence of lucfferin-luciferase, a considerable part of the ATP in Physarum plasmodia is compartmentalized. The free ATP concentration in a carefully prepared homogcnatc of Physarum plasmodium was low, but ff the same homogenate was heated in boiling water, the intensity of luminescence was suddcrdy increased by nearly two orders of magnitude. This result is interpreted as showing that compartmentalized ATP was released by heat. In other words, free ATP available for mechanwww.annualreviews.org/aronline Annual Reviews ical work in vivo must be at a much lower level than the total average. The fact that the optimal ATP concentration for tension development by a reconstituted actomyosin thread is as low as 10-20 pM (112) is also conformity with this notion.
There is some evidence to show that the level of free ATP oscillates with the same period as tension changes. As they had done for Ca 2+, Kamiya et al (89) and Yoshimoto et al (178) tried to make the surface membrane of the plasmodial strand leaky for ATP. The combined action of caffeine and arsenate was found to be effective. Simultanously with tension measurement, they measured the amount of ATP diffusing out of the strand by the luminescence of a luciferin-lucifcrase system. The plasmodial strand could not pcrsist long in thc caffcinc-arscnatc solution, but it could exhibit at Icast several regular waves of tension production accompanied by simultaneous oscillation in lumincsccncc for I0-20 rain before it undcrwcnt irrcvcrsiblc damage. In this case, the tension maxima colncldcd well with the luminescence maxima, and tcnsion minima with thc lumincsccncc minima. Under normal conditions, thcrc was no dctcctablc leakage of ATP. Oscillation in light emission caused by ATP released from the strand is provisionally intcrprctcd as reflecting changes in the level of frcc ATP within the plasmodium. This interpretation is supported by the results obtained recently by T. Sakai (unpublished), who measured ATP levels of the plasmodial strands in contraction and relaxation phases separately with a luciferinlucifcrasc system; hc showed that the ATP level was statistically significantly higher in the phase of maximal tension than in the phase of minimal tension.
The shift in the phases of oscillations in Ca 2+ and ATP efliuxcs by just 180° is an interesting problem. Although we do not know the cause of this phase relationship, wc arc reminded that the calcium-activated ATP pyrophosphohydrolasc (APPH) characterized by Kawamura & Nagano (96) exists in the P~tysarum plasmodium. Perhaps if APPH is activated with an increase of Ca 2+ concentration, the concentration of ATP will be decreased; inversely, if APPH is suppressed with a decrease in Ca 2+ level, the ATP level will bc increased. This is mcrcly speculation on the inverse relation between Ca 2+ and ATP concentrations.
In analogy to muscle contraction, it is generally bclicvcd that micromolar Ca 2+ stimulates rather than inhibits streaming. Thc weight of cvidcncc so far known is favorable to this view, but wc still cannot rule out the possibility that Ca 2+ can act as a suppressor of movement by way of controlling the ATP level. As a matter of fact, micromolar Ca 2+ is inhibitory to streaming in the case of Nite/[a, as we shall scc later. Although there arc still some ambiguities about the roles of Ca 2+ and the possibility of ATP limiting the rate of force output, it seems reasonably safe to say that inwww.annualreviews.org/aronline Annual Reviews tracellular concentrations of Ca 2+ and ATP available to actomyosin change in vivo with the same period as tension development.
Structural Basis of Motility
Dynamic activities of the slime mold are closely connected with morphological changes on the part of microtilaments in the cytoplasm. It was shown for the first time by Wohlfarth-Bottermann (168) (169) (170) that in the myxomycete plasmodium there are bundles of microfilaments with a diameter of abont 7 nm. They are found in the ectoplasm and terminate at the surface of invaginated membrane. There is substantial evidence to show that most of these bundles are composed of plasmodial actomyosin and that they are the morphological entities responsible for the contractility in this organism (13, 14, 122) .
CONTRACTION-RELAXATION
CYCLE AND ACTIN TRANSFORMA-TIONS Combining tension monitoring of the plasmodial strand with electron microscopy, various workers have shown that the microfilaments and their assembly undergo remarkable morphological changes in each contraction-relaxation cycle (30, 124, 125, 172) . In the shortening phase of the strand under isotonic contractions, the membrane-bound mierofilaments with a diameter of 6-7 nm are nearly straight and arranged parallel to one another to form large compact bundles whose adjacent filaments are bridged with cross linkages (124, 125). Among these microfilaments, thicker filaments which are thought to represent myosin bundles are sporadically scattered (14, 124, 125) . When the strand approaches the phase maximal contraction under isotonic conditions, most of the microfilaments become kinky and form networks (124, 125). In the elongation phase, new loose bundles of microfilaments develop from the network. Parallelization of the loose bundles is completed by the time the strand reaches its maximal elongation. They become compact again in the contracting phase, until they lose their parallel order and become entangled to form the network as the maximal contraction is approached. Recent microinjection experiments using phalloidin conducted by G/Stz von Olenhusen & Wohlfarth-Bottermann (32) also show the involvement of actin transformations in the contraction-relaxation cycle of tension development. Wohlfarth-Bottermann and his group are of the opinion that actin may undergo G-F transformation in each contraction-relaxation cycle (173) . Since endoplasm-ectoplasm conversion is constantly occurring in the migrating plasmodium, especially in its front and rear regions, and the plasmodium contains a considerable amount of G-actin, it is reasonable to suppose that G-F transformation occurs locally. Whether cyclic G-F transformation is a predominant feature occurring with cyclic tension produewww.annualreviews.org/aronline Annual Reviews tion in a system like the plasmodial strand segment, however, is unknown. Probably plasmodium actinin (41), fragmin (33) , or some other regulatory proteins (S. Ogihara and Y. Tonomura, unpublished) play an important role in modifying the state of actin polymers in each cycle of tension development.
FIBRILLOGENESIS In his early observations of the strand hung in the air, Wohlfarth-Bottermann (170) noticed that there are a larger number fibrils (microfilament bundles) in the ectoplasmic gel tube when the endoplasm flows upward against the gravity than when it flows downward assisted by the gravity. Thus there seemed to be a direct relationship between the amount of motive force needed and the number of fibrils. This notion put forth by Wohlfarth-Bottermann (170) has been supported further experiments (30, 76) . If we apply extra load to the strand, more fibrils emerge. This is a sort of morphologically detectable regulation in response to the load applied.
A favorable material in which to study the de novo formation of the fibrils is a naked drop of endoplasm formed after puncturing the strand (or vein) (61). Soon after the protrusion of the endoplasm, the drop has a low viscosity and no bundles of microfilaments. A considerable amount of actin is thought by some workers to be in a nonfilamentous state at first; but polymerization of actin gradually proceeds to form bundles of F-actin. On the question of whether F-actin is present in an endoplasmic drop from the beginning, opinions are not unanimous (122) . At any rate, new bundles F-actin are developed within 10 rain from the "pure" endoplasmic drop to form the ectoplasm. An isolated drop originating from the endoplasm in the mother plasmodium has now become an independent plasmodium having the normal endoplasm-ectoplasm ratio and exhibits shuttle streaming and migration. This fibdllogenesis is an interesting example of regulation on the organizational level of cytoplasm.
BIREFRINGENCE Cyclic changes in filament assembly are demonstrated also by changes in birefringence detectable in the living plasmodium with a highly sensitive polarizing microscope. In a thin fan-like expanse of the spread plasmodium, appearance and disappearance of the birefringent fibers are repeatedly observed in the same loci in the cytoplasm accompanied by back and forth streaming. These birefringent fibrils could be stained with rhodamin¢-heavy meromyosin (R-HMM). Further, 0.6 KI readily made the birefdngent fibrils disappear (127) . Thus it was confirmed that these birefdngent fibers represent bundles of F-actin. In the contracting phase of the expanse of plasma, in which streaming takes place away from the front (backward streaming), stronger birefringence appears than in the relaxing www.annualreviews.org/aronline Annual Reviews phase (forward streaming) in which the streaming takes place toward the advancing front. In the latter phase, birefringenee fades away or nearly disappears, except that some thicker fibers forming knots or compact regions remain in situ (76) . This behavior of the fibrous structure on the optical microscope level agrees well with the observation by electron microscopy. Disappearance or weakening of birefringence is interpreted to reflect deparallelization of the micro filaments or their depolymerization. Localization of the contractile zone in glyeerinated specimen (86) also coincides with the distribution and population of the birefringent fibers. Hinssen & D'Haese (58) obtained birefringent synthetic fibrils from Physarum actomyosin which resemble in size and fine structure the fibrils in vivo.
Important points so far known about cytoplasmic streaming in the myxomycete plasmodium may be summarized as follows:
1. The streaming is caused by a local difference in internal pressure of the plasmodium. This pressure difference, or the motive force responsible for the streaming, is measurable by the double-chamber method. 2. The internal pressure is brought about by the active contraction of the ectoplasmic gel. 3. Contractile force of the ectoplasmic gel can be measured as a unidirectional force in a segment of plasmodial strand both under isometric and isotonic conditions. 4. Tension oscillation is augmented conspicuously by stretching or by loading. 5. The structural basis of contraction is the membrane-bound fibrils in the ectoplasm. 6. The fibrils consist mainly of bundles of F-actin and of smaller amounts of myosin and regulatory proteins. 7. Tension development is regulated by Ca 2+.
8. Actin filaments undergo cyclic changes in their aggregation pattern and/or G-F transformation in each contraction-relaxation cycle. 9. Physarum actin is strikingly similar to rabbit striated muscle actin in its properties, including amino acid composition and sequence. 10. Physarura myosin is also similar to rabbit striated muscle myosin in its molecular morphology and ATPase activity, but Physarura myosin is more soluble at low salt concentrations than muscle myosin. Pt~ysarum myosin self-assembles to form bipolar thick filaments which are less stable than those of rabbit skeletal muscle. 11. Phyaarura actomyosin undergoes reversible superprecipitafion on addition of Mg-ATP. This characteristic is not shared with muscle actomyosin.
www.annualreviews.org/aronline Annual Reviews 12. The actomyosin thread derived from Physarum contracts on addition of Mg2+-ATP. It produces tension as strong as 10 g cm -2, which is comparable to that of a muscle actomyosin thread at the same protein concentration. 13. The aggregation pattern of actin filaments and concentrations of free calcium and free ATP oscillate with the same period as cyclic tension generation. In addition, electric potential difference (79), pH immediately outside the surface membrane Nakamura et al, unpublished), and heat production (12) are also known to change with the same period as shuttle streaming. How these physiological parameters are causally related, and what the origin of oscillation is, still are unknown (16, 172) .
ROTATIONAL STREAMING IN CHARACEAN CELLS
General
The other type of streaming which has been studied extensively recently is rotational streaming in giant eharacean cells. It is in this group of cells that Corti discovered cytoplasmic streaming for the first time in 1774. This type of streaming is quite different from that in the slime mold, in that the cytoplasm flows along the cell wall in the form of a rotating belt, with no beginning or end to the flow. Since the cells of Characeae are large and the rate and configuration of the streaming in them are nearly constant, they lend themselves favorably to physiological and biophysical experiments.
The Site of Motive Force Generation
Each of the two streams going in opposite directions on the opposite sides of the cylindrical cell has the same rate over its entire width and depth to within close proximity of the so-called indifferent lines. There the two opposed streams adjoin and the endoplasm is stationary (73) . In other words, the whole bulk of endoplasm moves as a unit, as though it slides along the inner surface of the stationary cortical gel layer. Only the narrow boundary layer between the endoplasm and cortex and the cell sap between the two opposing streams are sheared. In the endoplasm-filled cell fragment, which can be obtained artificially by gentle eentrifugation and subsequent ligation, the endoplasm itself is sheared to show a sigmoid velocity profile similar to that of the cell sap. The highest velocity is found in this case at the region in direct proximity to the stationary cortex. This velocity profile coincides exactly with what is expected when an active shearing force (parallel-shifting force) is produced opposite directions at the boundary regions on the opposite halves of the cell and the rest of the endoplasm is carried along passively by this peripheral force (81) . That the endoplasm in the endoplasm-filled cell, or the cell sap in the normal internodal cell, shows the velocity profile of a sigmoid www.annualreviews.org/aronline Annual Reviews form is simply a function of the cell's cylindrical geometry. As a matter of fact, when a part of the cylindrical cell is compressed and flattened between two parallel walls to such an extent that the two opposing flows come in contract and fuse, the velocity profile is no longer sigmoid but straight (85) . We shall discuss this problem again later.
The simple and unique conclusion derived from these experimental facts is that the motive force driving the endoplasm in the Nitella cell is an active sheafing force produced only at the interface between the stationary cortex and the endoplasm (71, 81) . Naturally this model does not specify the nature of the force or the mechanism of its production, but stresses the importance of interaction between cortex and endoplasm for the production of the motive force. Endoplasm aloae is not capable of streaming, as wiLl be described in a later section.
It should be noted, however, that the above model is not the only current view regarding the site of the motive force. N. S. Allen (5, 6, 8) observed the bending waves of the endoplasmic filaments traveling in the direction of streaming and the particle saltation along these filaments. She believes that both play a substantial part in producing the bulk flow, in addition to the force produced at the ¢ortex-endoplasm boundary. Thus she raised an objection to the above model of active shearing. The phenomenon which N. S. Allen described appears in itself fascinating and intriguing. The correctness of a theory on the site of the motive force, however, must be based upon a consistent explanation of the intracellular velocity distributions under defined conditions. If any force participated substantially in driving the endoplasm at loci other than its outermost layer, the flow profiles would be distorted from what we have actually observed.
Subcortical Filaments, Their Identification as Actin, and Their Indispensability
for Streaming Ten years after Kamiya & Kuroda (81) concluded that the motive force produced in the boundary between the stationary cortex and outer edge of the endoplasm in the form of active shearing, fibrillar structures were discovered at the exact site where the motive force was predicted to be generated. This discovery was made almost simultaneously by light microscopy (66, 68) and electron microscopy (123) . The fibrils are attached to inner surface of files of chloroplasts which are anchored in the cortex. They run parallel to the direction of streaming. Later the subcortical fibrils were visualized also with scanning electron microscopy (9, 98) . Each of the fibrils is composed of 50-I00 microfilaments with a diameter of 5-6 nm (123, 132) . These microfilaments were identified as F-actin by Palevitz et al (130) , Williamson (163) , Palevitz & Hepler (131) , and Palevitz (129) through formation of an arrowhead structure with heavy meromyosin (HMM) www.annualreviews.org/aronline Annual Reviews subfragment I of HMM. Further, it was shown by Kersey ¢t al (97) that all these arrowheads point upstream. The subcortical fibrils were also identified as aetin by an immunofluoreseenee technique (37, 167) .
An interesting approach to studying functional aspects of the subeortieal fibrils is to destroy or dislodge the fibrils locally by such means as mierobeam irradiation (67) , centrifugation (69) , or instantaneous aeeeleration with a mechanical impact (84) . The endoplasmic streaming is either stopped or rendered passive at the site where the filaments disappear. The streaming resumes only after the filaments have regenerated. The new streaming always occurs alongside the newly regenerated filaments and not dsewhere (67) (68) (69) . All these facts show that subcortical filaments are essential for streaming. Further evidence in support of this view is to be had from differential treatment of an internodal cell with cytochalasin B (121) (see later).
Nitella Myosin and its Localization in the Cell
Voroby' eva & Poglazov (158) showed a slight viscosity drop upon addition of ATP in a myosin B-like protein extracted from Nitella. Kato & Tonomura (95) demonstrated the existence of myosin B-like protein Nitella more definitely, and characterized its biochemical properties. At higher ionic strength, ATPase activity of the protein complex was enhanced by EDTA or Ca 2+ and inhibited by Mg 2+. At low ionic strength~ superprecipitation oceurred with the addition of ATP. Myosin was further purified by Kato and Tonomura from Nitella myosin B. The heavy chain of Nitella myosin has a molecular weight slightly higher than that of skeletal muscle myosin. Recently myosins were also extracted from the higher plants Egeria (Elodea) (128) and Lycopersicon (156), All these myosins possessed aetin-stimulated ATPase activity and the ability to form bipolar aggregates.
An important problem in the mechanism of cytoplasmic streaming is the intraeellular localization of myosin and the mode of its action. An effective physiological approach is to treat the streaming endoplasm and the stationary cortex of the living internodal cell of Nitella separately with a reagent whose action on actin and myosin is clearly different, and to see how the streaming is affected. A method combining the double-chamber technique with a pair of reeiproeal eentrifugations made such differential treatment possible (22, 77) . When an internodal cell is centrifuged gently, the endoplasm collects at the centrifugal end of the cell while the cortex, ineluding ehloroplasts and subortieal fibrils in the centripetal half of the cell, remains in situ. Then either the centrifugal half or centripetal half of the cell is treated with an appropriate reagent. Finally, the treated endoplasm is translocated by a second centrifugation in the reverse direction to the other end www.annualreviews.org/aronline Annual Reviews of the cell to bring it in contact with the untreated cortex; by the same process, untreated endoplasm is brought into contact with treated cortex.
It is known that N-ethylmaleimide (NEM) inhibits F-actin-aetivated ATPase of myosin, but this reagent has little effect on polymerization or depolymerization of actin. When the cell cortex was treated with NEM and the endoplasm was left untreated, streaming occurred normally. When only endoplasm was treated with the same reagent, no streaming took place (22, 77) . If the cell was treated differentially with heat (47.5°C for 2 rain) instead of NEM, the result was essentially the same as in the case of NEM (J. C. W. Chen and N. Kamiya, unpublished) . This is because myosin is readily denatured by heat while actin is heat-stable. When we used cytochalasin B (CB), whose inhibitory effect on the cytoplasmic streaming in plant cells well known (19, 21, 164) , the situation was exactly the opposite. Cytoplasmic streaming was stopped only when cortex was treated with CB (121); when endoplasm alone was treated with this reagent, streaming continued.
The implication of these results is that the component whose function is readily abolished by NEM and heat must be present in the endoplasm, not in the cortex. It is not incorporated with the subcortical microfilament bundles. This component is presumably myosin. The component whose function is impaired by CB must reside in the cortex, not in the endoplasm. This result shows, as already mentioned, that actin bundles anchored on the cortex are indispensable for streaming.
Motility of Fibrils and Organdies in Isolated Cytoplasmic Droplets
A naked endoplasmic droplet squeezed out of the cell into a solution with an ionic composition similar to the natural cell sap forms a new membrane on its surface and can survive for more than 24 hours, sometimes even for several days.
In the isolated drop of endoplasm containing no ectoplasm, there ran be seen what appears as Brownian movement and agitation (saltation) minute particles; but, as expected, there is no longer any sign of mass streaming of the endoplasm itsdf. This is a further confirmation of our previous conclusions (71, 8 I) , that rotational cytoplasmic streaming within the cell takes place only when the endoplasm comes in contact with the cortical gel layer and that the bulk of the endoplasm is passively carried along by the force produced at its outer surface.
ROTATION OF CHLOROPLASTS A startling phenomenon in the endoplasmie droplet is the independent and rapid rotation of ehioroplasts. This phenomenon was observed by several authors long ago and described in detail by Jarosch for squeezed out cytoplasmic droplets (63-65) and www.annualreviews.org/aronline Annual Reviews CYTOPLASMIC STREAMING 223 Kuroda (102) for isolated endoplasmic droplets containing no cortical gel. The swifter chloroplasts make one rotation in less than one second. When we carefully observe this rotation by means of an appropriate optical system, we find that in the layer immediately outside the rotating body there occurs a streaming in the direction opposite to that of rotation. When rotation is prevented by holding the chloroplast with a microneedle, a counter streamlet becomes manifest along the surface of the chloroplast (102) . When the chloroplast is allowed to rotate freely again, the counterstreaming becomes less evident. These observations are further proof for the existence of an active shearing force between sol (endoplasm) and gel (chloroplas 0 phase. The rotation of chloroplasts is attributable to the attachment to their surface of actin filaments, which are the same as subcortical fibrils.
Using isolated droplets of endoplasm, Hayama & Tazawa (50) investigated the effect of Ca 2+ and other cations on the rotation of chloroplasts by injecting them iontophoretically. Upon microinjection of Ca 2+, chloroplast rotation stopped immediately but recovered with time, suggesting that a Ca2+~sequestering system is present in the cytoplasm. These authors estimated the Ca 2+ concentrations necessary for halting the rotation to be > 10-4M. Sr 2+ had the same effect as Ca 2+. Mn 2+ and Cd 2+ also slowed down the rotation, but the effect was gradual and the reversibility was poor. K + and Mg 2+ had no effect. These results show that Ca 2+ acts as an inhibitor rather than activator of the movement in Nitella. Perfusion experiments (see later) also show the same thing.
MOTILE FIBRILS When we observe a cytoplasmic droplet that has been mechanically squeezed out of a cell of Nitella or Chara under dark field illumination with high magnification, we find in it a baffling repertory of movements on the part of extremely fine fibrils which may take the form of long filaments or closed circular or polygonal loops. The remarkable behavior of the motile fibrils has been described in detail by Jarosch (63-65) and Kuroda (102) .
Important characteristics of these fibrils are their self-motility and their capacity to form polygons. Minute particules (spherosomes) slide (saltate) alongside these fibrils. Their movements are again produced by a mechanism of countershifting relative to the immediately adjacent milieu, as pointed out earlier by Jarosch (63). Kamitsubo (66) confirmed that a freely rotating polygonal loop emerges from the linear stationary fibrils in vivo through "folding off." His observation verifies the view that the motile fibrils and rotating loops or polygons in the droplets are the same in nature as the stationary subcortical fibrils. These motile filaments are identified, through arrowhead formation with HMM (54), as being composed of www.annualreviews.org/aronline Annual Reviews KAMIYA actin. The endoplasmic filaments observed by N. S. Allen (7) in vivo seem to be also of this kind, branching off from the cortical filament bundles.
Demembranated
Model Systems The outstanding merit of using a demembranated cytoplasm is that the chemicals applied presumably diffuse readily into the cytoplasm without being checked by the surface plasma membrane or by the tonoplast.
REMOVAL OF TONOPLAST ElY VACUOLAR PER-FUSION
Taking advantage of the technique of vacuolar peffusion developed by Tazawa 044), experiments were done recently to remove the vacuolar membrane by using media containing ethyleneglycol-bis-(~-aminoethylether)N,N'-tctraacetate (EGTA) (146, 164) . This is a sort of cell model, like the demembranatcd cytoplasmic droplets to be mentioned later. These experiments show that endoplasm remaining in situ shows a full rate of active flow if the perfusing solution fulfils certain requirements. The presence of ATP and Mg 2+ is indispensable. Williamson (165) showed that generation of the motive force is associated with the subcortical fibrils. On addition of ATP, endoplasmic organelles and particles adhering to the fibrils start moving along the fibrils at speeds up to 50 ~m s -1, but are progressively freed from contact, leaving the fibrils denuded. It was shown that streaming requires a millimolar level of Mg 2+ and free Ca 2+ at 10-7 M or less. Higher concentrations of Ca 2+ were inhibitory (49, 146). Hayama et al (49) concluded that instantaneous cessation of the streaming upon membrane excitation is caused by a transient increase in the Ca 2+ concentration in the cytoplasm.
Nitella cytoplasm contains about 0.5 mM ATP (38) . Shimmen (140) showed, using tonoplast-free cells, that the ATP concentration for half saturation of streaming velocity was 0.08 mM in Nitella axillaris and 0.06 mM in Chara eorallina. Mg 2+ is essential at a concentration equal to or higher than that of ATP, whereas Ca 2+ concentrations in excess of 10 -7 M are inhibitory to streaming. Inhibition of streaming by depletion of ATP is completely reversible, but that caused by the depletion of free Mg 2+ is irreversible. This observation suggests that Mg 2+ may have a role in maintaining some structures(s) necessary for streaming, besides acting as eofaetor in the ATPase reaction (140) . DEMEMBRANATED CYTOPLASMIC DROPLETS Taylor et al (142, 143) conducted a series of important observations on amoeboid movement, developing improved techniques of demembranation. In the case of Nitella droplets, it is also possible to remove the surface membrane with a tip of a glass needle in a solution with low Ca 2+ concentration [80 mM KNO3, 2 mM NaCI, 1 mM Mg(NO3)2, 1 mM Ca(NO3)2, 30 mM EGTA, ATP, 2 mM dithiothreithol (DTT), 160 mM sorbitol, 3% Ficoll, 5 www.annualreviews.org/aronline Annual Reviews
Pipes buffer (pH 7.0)] (105). As the cytoplasm gradually dispersed into surrounding solution, the earlier dear demarcation of the droplet disappeared, but chloroplasts continued to rotate almost as actively as they did before the surface membrane was removed. When a chloroplast came out spontaneously from the cytoplasm-dense region into the cytoplasm-sparse area beyond the original boundary, the rotation became slow and sporadie. The rotation of chloroplasts that emerged from the core area stopped completely on addition of 1 mM N-ethylmaleimide (NEM) to the above solution. Chloroplast rotation did not recover even though free NEM was removed with an excess amount of DTT. This was probably because NEM inhibited F-actin-activated ATPase of myosin, forming a covalent bond with SH-1 of myosin. Kuroda & Kamiya (105) , however, observed that the rotation of chloroplasts resumed, even though the rate of rotation was slow and somewhat sporadic, if rabbit-heavy meromyosin (HMM) was added the solution in the presence of Mg2+-ATP. It took 1 min or longer for a chloroplast to complete one revolution. The rotation of chloroplasts lasted only 10 rain or so, but this fact implies that chloroplast rotation in vitro, and hence cytoplasmic streaming in vivo, results from the interaction between F-actin attached to the chloroplast and myosin in the presence of Mg2+-ATP. It also shows that Nitella myosin can be functionally replaced, to some extent at least, with muscle HMM (105).
ACTIVE MOVEMENT IN VITRO OF CYTOPLASMIC FIBRILS Another
interesting observation on the movement of chloroplasts and cytoplasmic fibrils were made recently by Higashi-Fujime (54). In the demembranated system in an activating medium (1.5 mM ATP, 2 mM MgSO4, 0.2 sucrose, 4 mM EGTA, 0.1 mM CaCl2, 60 mM KCI, 10 mM imidazole buffer pH 7.0), chloroplast chains linked together by cytoplasmic fibrils moved around at the rate of about 10 btm/see for 5-10 min. Dark field optics showed that free fibrils curved and turned but never reversed. Traveling fibrils occasionally were converted into a rotating ring. All of the rotating rings, moving fibrils, and fibrils connecting chloroplasts in chains were shown to be composed of bundles of F-actin. Each bundle of F-actin had the same polarity as revealed by decoration with rabbit muscle HMM. Addition of HMM from rabbit skeletal muscle did not accelerate their swimming velocity (S. Higashl-Fujime, personal communications).
Measurement of the Motive Force
The rate of flow, which is often used as the criterion for the activity of cytoplasmic streaming, is a function of two variables: motive force responsible for the streaming, and the viscosity of the cytoplasm. Therefore, if the rate of flow is changed under a certain experimental condition, we do not www.annualreviews.org/aronline Annual Reviews know to what extent it is due to the change in the motive force and to what extent to the change in viscosity. Since there is no method for measuring exactly the viscosity of cytoplasm in vivo, it is extremely important for understanding the dynamics of cytoplasmic streaming to measure the motive force. So far three methods have been developed for measuring the motive force responsible for rotational streaming in Nitella.
CENTRIFLIGATION METHOD (82) When an internodal cell is centrifuged along its longitudinal axis, the streaming toward the centrifugal end is accelerated while the streaming toward the centripetal end is retarded. Through centrifuge microscope observation it is possible to determine the centrifugal acceleration at which the streaming endoplasm toward the centripetal end is brought just to a standstill. Measuring this balanceacceleration and the thickness of the layer of the streaming endoplasm, and knowing the difference in density between the endoplasm and cell sap, we can calculate the motive force, i. e. the sliding force at the endoplasm-cortex boundary per unit area. It is found usually to be between 1.0-2.0 dyn cm -~ (82). This is the method which made possible the measurement of the motive force of rotational cytoplasmic streaming for the first time.
PER.FrUSION METHOD (145) When both ends of an adult Nitella internode are cut off in an isotonic balanced solution and a certain pressure difference is established between the two openings of the cell, the vacuole can be perfused with that solution. This flow of fluid exerts a shear force upon the vacuolar membrane (tonoplast) and accelerates the endoplasmic streaming in the direction of perfusion on one side of the cell, but retards the streaming on the other side. The greater the speed of perfusion, the slower is the rate of streaming against it. At a certain perfusion rate, the endoplasmic streaming against it is brought to a standstill. The sheafing force produced at the tonoplast under this state must be nearly equal to the motive force produced at the endoplasm-ectoplasm interface, because the thickness of the endoplasmic layer of the adult Nitella internode is small as compared with the radius of the vacuole. The motive force thus measured by Tazawa was found mostly in the range of 1.4--2.0 dyn cm -2. This range is in excellent agreement with the values obtained by the centrifugation method in the same material (82) . By using a theoretical modal and assumptions regarding the form of stress/rate of strain curve (85), Donaldson (27) determined possible velocity distributions for the streaming eytopiasm in the normal cell and in the cell whose vacuole is perfused. Based on a mathematical analysis, he estimated the motive force to be 3.6 dyn em -2 and the thickness of the motive force field (high shear zone) between the endoplasm and cortical gel layer to be 0,1 /zm. www.annualreviews.org/aronline Annual Reviews With the perfusion method, it was shown that the motive force is almost independent of temperature within the range of 10°-30°C, while flow velocity increases conspicuously with the rise in temperature (145) . This result shows that the change in the rate of flow as the temperature varies, is, at least in the case of characean cells, mainly the result of a change in viscosity of the fluid in the high shear zone at the endoplasm-ectoplasm boundary and not to the change in the motive force.
Increase in viscosity of the cytoplasm, however, is not always the cause of the slowing down or cessation of flow. For instance, the slackening of the streaming through application of an SH reagent, p-chloromercuribenzoate (1), is the result of the disappearance of the motive force 045). It has long been known that when an action potential is evoked in characcan cells the streaming halts transiently. The inhibiting effect of the action potential upon streaming has been demonstrated to be due to a momentary interruption of the motive force and not to a increase in the viscosity of the cytoplasm 047). As has been stated before, this change is triggered .by transient increase in Ca 2+ at the site of motive force generation (49).
METHOD OF LATERAL COMPRESSION (87)
There is one further approach to measuring the motive force. When a part of the large cylindrical cell of Nitella showing vigorous cytoplasmic streaming is compressed and flattened between a pair of parallel flat walls, the two opposed streamings on the opposite sides of the cell come in contact and fuse. The velocity and the velocity gradient of the fused region of the endoplasm arc changed as the width of the fused region is modified (87) . From these measurements it is possible to calculate not only the motive force responsible for streaming, but also the force resisting the sliding at the cndoplasm-cctoplasm boundary, by the simultaneous flow equation: -F=R v + */a ~, where F represents the motive force, R the sliding resistance per unit velocity, v the marginal velocity, dv/dy the shear rate of the endoplasm, and */a the apparent viscosity of the cndoplasm. For an arbitrary dv/dy, ~a can bc obtained experimentally by the data of the isolated endoplasm (85, 87) . We can measure directly v and dv/dy for each width of the stream. Since both the motive force F and the resisting force R are unknown quantities, we calculate them using two simultaneous flow equations under two different widths of the stream. Again the motive force is found to be 1.7 dyn cm -2, in good agreement with the data previously reported. Further, it is known that the major part of the motive force is used in overcoming the resistance to sliding at the endoplasm-ectoplasm boundary. Since the viscosity of the cell sap is low (1.4-2.0 cp) (unpublished data of N.Kamiya & K. Kuroda) , less than of the motive force is used for bringing about its sheafing in the normal cell, www.annualreviews.org/aronline Annual Reviews
The resistance per unit sliding velocity is known to be of the order of 230 dyn s cm -3 (87) .
Recently, Hayashi (51) investigated a theoretical model of cytoplasmic streaming in Nitella and Charc~ On the basis of experimental results obtained by Kamiya & Kuroda (81, 82, 85, 87) , he derived general theological equations for the non-Newtonian fluid of cytoplasm, constructed a fluiddynamic model of the streaming, derived a general expression for the velocity distribution in the cell, and showed how the rheological properties of the cytoplasm are estimated in vivo. He (52) also constructed a theoretical model of cytoplasmic streaming in a boundary layer where the motive force is supposed to exert directly to cytoplasm, and estimated several important parameters such as the depth of the boundary region, rheologieal constants as well as the maximum velocity in the boundary layer, and the magnitude of motive force generated by a unit length of a single subeortieal fibril. The depth of the layer was 1.3-2.0/zm, while the viscosity was a small fraction of that estimated in the bulk layer, and the maximum velocity was six or seven times that of the bulk layer. The magnitude of the motive force was ca 0.8 dyn, which can be converted to a sliding force 1.2 dyn/em 2, showing a good coincidence with those obtained by Kamiya & Kuroda (82) and Tazawa (145) .
Molecular Mechanism of Rotational Streaming
It is now established that the subeortieal filaments are composed of bundles of aetin filaments all with the same polarity over their entire length (97) . The streaming occurs steadily in the form of an endless belt in only one direction alongside these filaments. There is no chance for the endoplasm to move backward; the track is strictly "one-way." The sliding force (motive force) responsible for the streaming was measured to be 1-2 dyn cm -z (82, 87, 145) or 3.6 dyn cm -2 (27) .
The ATP content in Nitella cytoplasm, wlaich is around 0.5 mM (38) , is already saturated for streaming. Nitella myosin has been isolated and characterized (95) , and it has been suggested that it resides in the endoplasm (22) . It would be of great interest to know what kind of aggregation pattern the Nitella myosin has in vivo, and what kind of interaction occurs with the subeortical fibrils to produce the continuously active shear force responsible for this endless rotation. With the electron microscope, N. F. Allen (7) has shown putative myosin molecules with bifurcating ends in the endoplasm of Nitella~ Bradley (19) and Williamson (164) suggested that putative Nitella myosin may link with endoplasmic organelles. Williamson's observation of the subcortieal fibrils in the perfused cell (165) shows cogently that the streaming is brought about through interaction between cortex-attached F-actin bundles and myosin.
www.annualreviews.org/aronline Annual Reviews Nagai & Hayama (119, 120) confirmed the existence of many balloonshaped, membrane-bound endoplasmic organelles linked to the bundles of microfilaments under ATP-deficient conditions. These organelles, whose shape and size are diverse, have one or more protuberances in the form of rods or horns (119, 120) . Electron-dense bodies 20-30 nm in diameter are located on the surface of these protuberances in an ordered array with a spacing of 100-110 rim. It is these electron-dense bodies which link the endoplasmic organelles to F-actin bundles. The dense bodies on the organelles detach from the F-actin bundles on application of ATP. Filaments 4 mn or less in diameter, and different from F-actin in their ability to react with muscle HMM, are attached to the surface of these protuberances. They are probably the same as the 4 nm filaments observed and presumed to be myosin filaments by Williamson (166) and N. S. Allen (7). Nagai & Hayama suggested that the 20 to 30 nm globular bodies attached to the protuberances of the organelles nmy act as functional units when the organelles move along the microfilaments, and that they are composed, at least in part, of the functional head of myosin or myosin aggregates, possibly with some other unknown protein(s).
There are several contemporary views regarding the mechanism of rotational streaming other than the above, views which are instructive and suggestive in some respects. But taking into consideration the facts so far known, the most plausible and rcsonablc picture of the streaming in NiteIIa is as follows. The rotational streaming is caused by the unidirectional sliding force of the cndoplasmic organclles loaded with myosin along thc stationary subcortical fibrils composed of F-actin having the same polarity. The motive force, which is the active shearing force, is produced through the interaction of the myosin with the F-actin on the cortex. Endoplasmic organcllcs, with which NiteIla myosin is associated, presumably cffcctivcly help drag the rest of the endoplasm so that the whole cndoplasmic layer slides alongside the cortex of the cell as a mass. Important problems left to bc solved arc the molecular mechanism of the active shearing, and its control.
CONCLUDING REMARKS
In the foregoing pages, we reviewed molecular and dynamic aspects of cytoplasmic streaming and related phenomena in the two representative materials, myxomycete plasmodium and characean cells. These two types of streaming both utilize an actomyosin-ATP system for their force output, but their modes of movement are quite different. The streaming in Physarum plasmodium is a pressure flow, caused by contractions of actomyosin filament bundles, while streaming in Nitella is brought about by the shearing force produced at the interface betwcen www.annualreviews.org/aronline Annual Reviews subcortical actin bundles and putative myosin attached to the endoplasmic organelles. In spite of extensive biochemical studies on contractile and regulatory proteins, and of morphological studies on contractile structures, there has been so far no direct evidence to show that the contractionrelaxation cycle of the slime mold operates on the basis of a sliding filament mechanism. Nor is there any convincing evidence that the changes in aggregation patterns on the part of the microfilaments produce the tension force. There is a possibility that entanglement and network formation are the visual manifestations of the events accompanying the sliding of antiparallel microfilaments against each other, the sliding being effected by myosin dimers or oligomers in the presence of Mg2+-ATP and regulatory proteins.
Another important feature of the streaming in the acellular slime mold is its rhythmicity. Wohlfarth-Bottermann discussed four possibilities as a source of oscillation (172) . As described before, various physical and chemical parameters of the streaming change with the same period in association with the periodic force production. The origin of oscillation is, however, still unsown.
In rotafiona! streamins in ~Vitdla, the site of the motive force and its mode of action appear to be quite well known now. Probably the sliding mechanism of the cytoplasmic streaming in Nitella is similar in principle to the mechanism of less organized types of streaming in plant cells and saltatory particle movement. But it is not known yet how far the active shear mechanism is applicable to other systems like the myxomycctc plasmodium or amoeba. The basic mechanism of actomyosin-based movement may be common in many different kinds of calls, from muscle to amoeba to plant cells. Our knowledge is, however, still too meager to obtain a unified concept of a variety of cytoplasmic streaming patterns in terms of their molecular organization. www.annualreviews.org/aronline Annual Reviews
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